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Atomically flat semiconducting materials such as monolayer WSe2 hold great promise for novel
optoelectronic devices. Recently, quantum light emission has been observed from bound excitons in
exfoliated WSe2. As part of developing optoelectronic devices, the control of the radiative properties
of such emitters is an important step. Here we report the coupling of a bound exciton in WSe2
to open microcavities. We use a range of radii of curvature in the plano-concave cavity geometry
with mode volumes in the λ3 regime, giving Purcell factors of up to 8 while increasing the photon
flux five-fold. Additionally we determine the quantum efficiency of the single photon emitter to
be η = 0.46 ± 0.03. Our findings pave the way to cavity-enhanced monolayer based single photon
sources for a wide range of applications in nanophotonics and quantum information technologies.
Single photon emission has been observed from a
range of systems such as single atoms, quantum dots
and localised excitons in a multitude of materials. Re-
cently, two-dimensional semiconductors have attracted
increased attention because of their strong interaction
with light owed to a direct bandgap transition with a
strong transition dipole moment of the delocalised exci-
ton [1, 2]. Of these, the transition metal dichalcogenide
WSe2 has been found to contain localised excitons, sta-
ble at cryogenic temperatures below 15 K [3–8], emitting
quantum light with impressive brightness [9] and stability
[10]. In particular the localised excitons can be created
with nanometric precision [11–13], exhibit strain tunabil-
ity [8] and the hosting two-dimensional material allows
for integration into ultra-compact, charge tunable devices
[2, 14].
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Optical microcavities enhance the light-matter inter-
action by concentrating the electric field [15]. By reduc-
ing the number of states accessible to emitters coupled
to the cavity and focusing the radiation into well defined
modes they serve to improve the properties of single pho-
ton sources via the Purcell effect [16–19]. As single pho-
ton sources are an essential component of quantum in-
formation technology, the engineering of suitable optical
environments is therefore imperative [20, 21].
In this article we describe the integration of a sin-
gle photon emitter hosted by a monolayer of WSe2 into
a range of open-access cavities. In contrast to their
monolithic counterparts such as micropillar structures,
photonic crystals and ring resonators, open-access cavi-
ties allow in-situ tunability with respect to emitter posi-
tion and wavelength by using two freely movable mirrors
[22, 23]. They thus enable integration of a versatile range
of materials and both the coupling to the matter and the
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2emission properties can be controlled with high precision
[24–26]. In particular, recent advances in the fabrica-
tion method with a Focused Ion Beam (FIB) allow small
radii of curvature of the concave feature, thus enabling
ultra-small mode volumes in the λ3 regime [22, 27]. This
in turn enables a sizable Purcell effect even in the bad
emitter regime, where the homogeneous linewidth of the
emitter is larger than the linewidth of the cavity mode
[23, 28].
I. MONOLAYER WSE2 IN OPEN
MICROCAVITIES
The plano-concave microcavity consists of two oppos-
ing silica substrates, coated with a DBR comprising 13
pairs of SiO2/TiO2 with a reflectivity above 99.95% at
the center wavelength of λ = 740 nm. The mechani-
cally exfoliated WSe2 monolayer is transferred onto the
planar mirror with a dry stamping process [29]. While
this process leads to mostly multilayered WSe2 stacks on
the mirror surface, about five few micrometer sized spots
showing monolayer properties were obtained on the sam-
ple (see Fig. 1a,b). These monolayers showed PL from
both delocalised neutral excitons and bright, localised
and spectrally narrow emitters visible below 15 K (see
PL map Fig. 1c). The bright spots could be identified as
single photon emitters (SPEs) with emission wavelengths
around 750 nm, as described before [3–13]. To obtain a
localised cavity mode (see Fig. 1d), another mirror with
FIB-milled concave features with varying radii of curva-
ture was positioned opposite of the SPE. Fig. 1e shows
cross sections of the concave features obtained with an
AFM, demonstrating a range of radii of curvatures be-
tween 3 µm and 25 µm which were used in this study (the
fabrication process has been published before [27]). The
cavity containing the exfoliated WSe2 was integrated in
a custom built confocal setup, enabling low temperature
experiments with in-situ tunability of both mirrors rel-
ative to each other (see the supplementary material for
more details on the setup).
Both mirrors forming the cavity were mounted in a
tube within a liquid helium dewar, which provides optical
access to the sample in our custom-build confocal micro-
scope. The planar mirror was mounted facing downwards
onto a large sample mount movable in three dimensions
to vary the field of view and focus. Within this sam-
ple mount another stack of five piezo actuators (transla-
tion in three dimensions, tilt and rotation) provided the
ability to align and position the featured mirror facing
upwards relative to the planar mirror.
II. RESULTS
Fig. 1a displays the sample facing upwards a custom
built confocal setup, allowing for off-resonant excitation
and collection of the PL. The flake was first localised
within the optical microscope mode, obtained by illumi-
nating the sample with a white LED from below and us-
ing a webcam to detect the transmitted photons as shown
in Fig. 1b. Fig. 1c shows a PL map of the same region
as shown in the optical microscope images, containing
broad emission from most of the flake and a localised spot
belonging to a single photon emitter with a FWHM of
∼ 600 nm (marked with an arrow in Fig. 1c). For the PL
map, the sample was excited with a continuous wave laser
with λexc = 532 nm and only photons between 740 nm
and 760 nm were collected. The particular single photon
emitter (SPE) which we study here has a central energy
of ESPE = 1.64 eV and linewidth of ΓSPE ≈ 500 µeV
(see Fig. 2a). While its spectral position has been stable
3FIG. 1. Two-dimensional WSe2 flakes in an open microcav-
ity: a) A WSe2 monolayer on a DBR mirror showing single
photon emission from localised spots after excitation with a
green laser. b) Optical microscope images of WSe2 flakes on
a mirror, deposited with a dry transfer method. c) Spectrally
filtered PL signal (740 nm-760 nm) from the same flake as in
b in a confocal microscope at 4 K. The arrow points to a spot
which shows single photon emission with a resolution limited
spot-size of 600 nm. d) The open-access microcavity setup is
obtained by flipping the sample and positioning a mirror with
concave features opposite it. The sample can be excited below
the stopband of the mirrors with a green laser and emission
is collected after emission through the flat mirror. e) AFM
cross-sections of concave features forming one side of the mi-
crocavities, showing a range of radii of curvature.
over weeks, its brightness displayed fluctuations which
increased with increased excitation power. The multilay-
ered flakes visible in the optical microscope image in Fig.
1b and the PL from the rest of the WSe2 flake allowed
facile positioning of the SPE opposite of the concave FIB
milled features and thus coupling to the cavity mode.
Fig. 2b displays spectra from four different cavities for
the TEM0,0 mode brought into resonance with the SPE.
To ascertain the correct cavity length and transverse po-
sition relative to the SPE, the cavity length was varied
with one of the piezo microactuators and the PL spec-
trum (without any filtering) was collected. Fig. 2c,d
shows two such cavity length scans, demonstrating bad
transverse alignment (Fig. 2c) and optimal transverse
alignment (Fig. 2d) to the SPE. Two successive mode
families of the R =8 µm cavity with longitudinal index
q = 7, 6 are traversed with decreasing cavity length from
left to right. The absolute cavity length can be obtained
from the free spectral range and the coupling of the dif-
ferent transverse modes to the SPE are indicative of the
quality of the lateral alignment. Since the electric field of
the first transverse mode (m+ n = 1) has a node in the
center of its transverse electric field distribution, the op-
timal coupling to the SPE evidences itself with a minimal
PL intensity for the first transverse mode and maximal
intensity of the m + n = 0 mode. Note that the axes of
the piezo microactuators show some crosstalk leading to
varying lateral coupling quality for successive longitudi-
nal modes. The different radii of curvature of the concave
mirror lead to a different confinement of higher excited
states. Thus the transverse mode spacing increases with
decreasing radius of curvature, which is visible in the
spectra plotted in Fig. 2b for four different cavities with
R = 25, 8, 5 and 3 µm. To make these states visible in
the PL spectrum in Fig. 2b the excitation power was
increased well above saturation to ≈ 1 mW. The three
subplots in Fig. 2b show a more detailed spectrum of
the TEM0,0 mode for the three smallest cavities. In par-
ticular the lineshape of the smallest RoC cavity shows a
substantial deviation from a Lorentzian lineshape, origi-
nating from diffraction losses at the edge of the feature
and deviations of the profile. Additionally the spectrum
of the R = 3 µm cavity only exhibits the TEM50,0 mode,
which we ascertained by scanning the cavity length over
the next longitudinal mode family (q = 6). This is in-
dicative of a very shallow feature which does not allow
confined transverse modes (the depth is about 150 nm
4as shown in Fig. 1e). The SPE shows typical satura-
tion behaviour as the excitation power is increased (see
Fig. 2e). Care is taken to collect only emission from
the TEM0,0 mode of the different cavities. A first sign
of a modulation of the electro-optical properties of the
SPE due to the presence of the cavity, the Purcell ef-
fect, is the change in saturation counts in the four dif-
ferent photonic environments, which increases roughly
five-fold from Isat = (74 ± 6) kcts/s at Psat = 79µW
to Isat = (332 ± 17) kcts/s at Psat = 244 µW (see table
in inset in Fig. 2e). The emission is linearly polarised
with a degree of polarisation of p = (0.86± 0.08), shown
in the bottom inset for the cavity with a RoC of 4µm.
Additional to the typical saturation curve, the photon
statistics of the emission should show anti-bunching as
the evidence for single photon emission. To prove this,
Fig. 3a,b show the second order autocorrelation func-
tion g(2)(τ) for both continuous wave (a) and pulsed ex-
citation (b) with frep = 40 MHz at λexc = 532 nm be-
low saturation. We have aquired data from all cavities
and consistently obtained g(2)(0) values below 0.5 with-
out background subtraction. The data presented in Fig.
3 stems from emission from the smallest cavity with an
RoC of 3µm without background subtraction. We have
observed signs of bunching on larger timescales of approx.
75 ns (see inset in Fig. 3a, the experimental parame-
ters are given in the supplementary material). The weak
bunching characteristics could be indicative of a long-
lived shelving state, however an alternative origin was
identified previously in the spectral jittering of the emit-
ting state [4]. For the pulsed measurement, the g(2)(0)
value is obtained as the ratio of the areas of the central
peak to the other peaks. Note that the time constant in
both autocorrelation measurements is roughly τ = 1 ns,
shown later to be a result of the Purcell enhancement of
the small cavity.
The radiative decay rate of the excited state of the SPE
can be measured more directly by detecting the time be-
tween excitation pulse and photon emission in a time re-
solved photoluminescence (TRPL) experiment. Fig. 4a
shows this data for different photonic environments. The
dataset with the longest lifetime τ (slowest radiative de-
cay rate γ = 1τ ) was taken for the situation depicted
in Fig. 1a with the SPE located on the DBR emitting
into the half-space above. The data reveals a lifetime of
τhs = (4.3± 0.2) ns in this case. Bringing another mirror
into a position opposite of it forms the cavity and al-
ters the density of optical states, into which the emitter
can irradiate. The other datasets in Fig. 4a show the
TRPL signal from the SPE tuned into resonance with
the TEM0,0 modes of the four different cavities. The nu-
meric values of the decay rate are plotted in the inset
as a function of the radius of curvature of the concave
feature (left ordinate) and compared with the theoreti-
cal Purcell enhancement given by Ftheo = 3λ
3Qeff/4pi2V
(right ordinate), where Qeff is the effective quality fac-
tor and V is the mode volume (more information are
given in the supplementary material). Fig. 4b presents
additional datapoints, obtained by descreasing the cavity
length from left to right, such that the TEM60,0 (TEM
5
0,0)
energetically traverses the SPE energy for concave fea-
tures with R = 25, 8 µm (R = 5, 3 µm). The two insets
show fits to the TRPL data, in which the instrument re-
sponse function of the single photon detector has been
convoluted with a monoexponential function, giving the
time constant τ . The left inset displays data from the
SPE emitting into free space, the left one data from the
SPE tuned into resonance with the TEM50,0 mode of the
5FIG. 2. Spectral properties of localised exciton outside and inside the cavity: a) Emission from spot marked in Fig. 1c for two
different excitation powers P with λexc = 532 nm. The inset shows the lineshape of the emission spectrum at the lower power.
b) Spectra of the cavity system for four different radii of curvature of the plano-concave resonator. For the concave feature with
R = 25, 8µm (R = 5, 3 µm) the TEM60,0 (TEM50,0) mode is brought into resonance with the SPE and the system is irradiated
above saturation such that higher transverse (m+ n > 0) modes of the same longitudinal mode family are visible. The insets
to the right show the lineshape of the fundamental mode for three cavities with a radius of curvature of 3 µm, 5 µm and 8 µm
from top to bottom. The shaded regions to the left and right of the main plot mark the end of the stop band of the mirrors.
c) PL spectra of the cavity with R = 8 µm as a function of the cavity length. The cavity is misaligned with respect to the SPE
and thus the TEM6m+n=1 mode is populated. d) Same as in c with an aligned cavity. Now the TEM
6
0,0 is primarily populated
and the TEM6m+n=1 remains dark. e) The saturation curves of the SPE in free space and aligned to the fundamental mode of
different cavities. The table to the upper left summarises the parameters obtained from the saturation fits. The bottom inset
shows the linearly polarised nature of the emission from the RoC = 5 µm cavity.
R = 5 µm cavity. The data in the main plot is obtained
by similar fits and shows a dip in lifetime (or a peak in
the radiative decay rate) as the cavity lengths of the four
different cavities are tuned, such that the TEM0,0 mode
is spectrally scanned across the SPE emission. While
the presence of all cavities has a marked influence on the
lifetime, the largest RoC cavity results in a minimal life-
time of τ = (1.22 ± 0.07) ns and the best enhancement
is seen for the R = 5 µm cavity, where the lifetime is
τ = (0.55± 0.03) ns. Fig. 4d displays a series of spectra
6FIG. 3. Second order correlation function obtained from a Hanbury-Brown and Twiss setup: The emission from the TEM60,0
mode of the RoC = 3 µm cavity is collected with a) continuous wave excitation and b) pulsed excitation with frep = 40 MHz
at saturation power. The inset in a) shows the same data on a larger timescale, demonstrating a weak signature of photon
bunching.
for the same cavity length changes as in Fig. 4b for the
R = 5µm cavity. As the separation between the mir-
rors is decreased the energy of the cavity mode increases
and traverses the SPE, with the resonant case depicted
in the middle inset in the lower panel (light blue, dashed
line). The left (right) subplot of the lower panel marked
with a red dashed line (green dashed line) show spectra,
where the cavity mode is detuned from the emitter to
lower (higher) energies. The peak structure for the de-
tuned cases results from the cavity environment, which
enhances off-peak parts of the underlying delocalized ex-
citon PL resonant with the mode and suppresses the SPE
emission, for whose energy no cavity state is available.
Along with the spectral alignment of the emitter to
the cavity mode, the position of the emitter in the elec-
tric field of the mode is another critical parameter for
the Purcell effect. While the placement of the monolayer
at the surface of the planar DBR with a low refractive
index termination ensures longitudinal alignment to an
antinode of the mode, the transverse alignment is a pa-
rameter which can be optimised experimentally in situ
(as demonstrated in Fig. 2c). Fig. 4c shows the ef-
fect that the spatial detuning has on the magnitude of
the Purcell enhancement. We plot the lifetime as a func-
tion of both spectral (cavity length) and spatial detuning
(along an arbitrary direction of the azimuthally symmet-
ric concave cavity parallel to the mirror surface). While
the lifetime values for little spatial detunings range from
τ = 0.9 ns to τ = 3.4 ns the Purcell effect causes lower
variations for large spatial detunings, where the lifetimes
lay in the range of τ = 1.5 ns to τ = 3.0 ns.
Tab. I summarises the most important quantities for
the four different cavities. The first column shows Rphys,
the physical radius of curvature as measured with an
AFM (see Fig. 1e). Ropt, the parameter in the sec-
ond column, is the radius of curvature obtained from the
transverse mode spacing (the analytical description can
be found in the supplementary material). It describes the
effective confining potential and has been reported be-
fore to exceed the nominal RoC for small curvatures [27].
Γcav, Qeff and V are the cavity mode FWHM linewidth,
quality factor and volume that we infer from the optical
radius of curvature. With these values we calculate the
effective Purcell factor F ′theo = Ftheo + 1 =
3λ3Qeff
4pi2V + 1
7FIG. 4. Control over the Purcell effect in the open cavity: a) Time-resolved photoluminescence from SPE in four different
cavities and without confining mirror showing Purcell enhancement of the radiative decay. Inset: Largest radiative decay
constant measured for the respective radius of curvature and theoretical Purcell enhancement. b) The lifetime as the cavity
length is varied such that the TEM0,0 traverses the SPE for four different cavities. The reference lifetime τhs, where the SPE
emits into the half space above the mirror, is obtained by the fit in the left inset and marked with the dashed black line in the
main plot. The right inset shows the fit to the time resolved PL signal from the SPE in the R = 5µm cavity on resonance.
c) Effect of spatial detuning: Lifetime of SPE in R = 3µm cavity as a function of both the cavity length and the cavity’s
transverse position relative to the SPE. d) Top panel: PL spectra from SPE in the R = 5 µm cavity as the cavity length is
varied. The horizontal position coincides with the data presented in Fig. 4b. Lower panel: Three selected spectra from data
presented above, corresponding to the vertical, dashed lines in the top plane plot. Note the scale difference when comparing
the middle plot on resonance with the two detuned cases (differing by a factor of 20 and 50 respectively).
and compare it to the experimental value F ′exp =
τfs
τcav
.
In the experiment, F ′exp is not directly accessible be-
cause the emitter is deposited on the surface of the DBR,
which influences the optical density of states even with-
out an opposing mirror [30]. The excited state lifetime
of τhs = (4.3 ± 0.2) is therefore not the true free space
lifetime. In fact, the relationship between the measured
ratio of the lifetimes f = τhsτcav and F
′
exp is given by
F ′exp = f(E − 1)η + f (we derive the given relations in
the supplementary material). Here E is a factor that
describes the enhancement (or suppression) of the de-
cay rate caused by the DBR (for the low refractive in-
8Rphys / µm Ropt / µm Γcav / meV Qeff V/λ3 F ′theo f η
25 26.5 2.15 607 7.35 7.3 3.44 0.43
8 14.7 1.14 970 5.26 15.0 6.62 0.44
5 7.6 2.46 545 2.72 16.2 7.81 0.50
3 (5.3) 3.99 361 (2.10) (14.1) 6.4 0.46
TABLE I. Purcell-effect related quantities for the SPE coupled to the TEM60,0 (TEM
5
0,0) mode of four cavities with R = 25,
8 µm (R = 5, 3 µm) at L ≈ 2.3 µm (L ≈ 1.9 µm ). Rphys and Ropt are the radii of curvature obtained by AFM measurement
(comp. Fig. 1e) and as inferred from the transverse mode spacing in the analytic Gaussian beam description. Γcav, Qeff and
V are the mode linewidth, effective quality factor of the cavity-emitter system and mode volume, which result in the effective
theoretical value for F ′theo =
3λ3Qeff
4pi2V
+ 1. f denotes the measured ratio of the excited state lifetime when emitting into the
half-space above the dielectric mirror and within the cavity f = τhs
τcav
. F ′theo and f can be used to calculate the quantum
efficiency η of the SPE, which is shown in the last column (we derive the relation in the supplementary material). The values
in brackets in the bottom row are inferred by assuming η = 0.46 for the emitter in the smallest cavity, as no transverse modes
were visible to calculate Ropt.
dex terminated mirror used in the experiment we find
E ≈ 1.2 through finite-difference time-domain (FDTD)
simulations [31]).
III. DISCUSSION
Our experiments allow us to infer the quantum ef-
ficiency of the emitter and to estimate the losses in
our cavity setup. The reported changes in the excited
state lifetime of the three largest cavities together with
the respective theoretical Purcell factor result in similar
quantum efficiencies of the emitter with an average of
η = 0.46± 0.03.
The small spread of the individual values for η validates
the assumption that the effective RoC Ropt and the asso-
ciated mode volume describe the experimental situation.
Would we have calculated the Purcell factor from the
physical RoC, the values for η would range between 0.25
and 0.42 with an average of ηphys = (0.35 ± 0.06). For
the smallest feature we could not establish a transverse
mode spacing and thus could not infer Ropt. Working
backwards however and assuming η = 0.46 we obtain
Ropt = 5.3 µm in good agreement with previous reports
[27]. The origin of the reduced quantum efficiency is un-
clear and could be elucidated by further experiments with
emitters exhibitting smaller linewidths.
The saturation excitation power Psat and countrate
Isat depend on the radiative decay rate γr only and should
thus show enhancements proportional to the Purcell fac-
tor. The data presented in the table in Fig. 2e supports
this theory weakly and suggests severe losses from the
cavity mode. The same lens with an NA = 0.82 was
used for both the cavity coupling and free-space experi-
ments. In the free-space experiment with the SPE emit-
ting into the halfspace above the mirror this results in
a collection efficiency of ηfs = 42.8%. The divergence of
the cavity modes in this study is below θdiv = 0.4, which
suggests that all the light is collected from the cavity
mode irradiating through the planar mirror side. Since
the reflectivity of this side of the cavity is lower than the
opposing patterned side, we obtain a collection efficiency
of ηcav = 62.5% in this case (we give further information
in the supplementary material). Assuming Psat ∝ F ′theo
we find a ratio of 2PsatPsat fsF ′theo
= 44%, 30%, 41% and 48%
for the four cavities from largeest to smallest. For the
Isat values we calculate a similar ratio, but subtract
it from 1 to obtain losses (ie. deviations from the
theoretically enhanced free-space saturation counts) of
9δDBR(758nm) = 1 − Isat ηcavIsat fs ηfsF ′theo = 62%, 71%, 63% and
49% for the four cavities in the same order. The spread in
these values confirms our theory of proportionality only
weakly. Origins of the losses at the DBR interface could
be an increased surface roughness and/or contamination
from the backside, where the mirror was attached to the
sample holder. Note that the cavity linewidth exceeds
the emitter linewidth for all cavities. Even though we
see such losses our cavity setup still increases the photon
flux of the SPE by 450% and increases the frequency of
single photon emission by a factor of 7.8 when compared
to irradiation into free space.
IV. CONCLUSION
In conclusion we have presented a single photon emit-
ter hosted by the transition metal dichalcogenide WSe2
coupled to a range of FIB milled microcavities with mode
volumes in the λ3 regime. We have shown an enhance-
ment of the spontaneous emission rate by a factor of 7.8,
corresponding to an effective Purcell factor of 16.2 for a
cavity with a radius of curvature of R = 5µm together
with full spectral and spatial tunability. Coupling to the
cavity has increased the saturation countrate from 74 kctss
on the mirror surface to 332 kctss within the cavity, an
almost five-fold enhancement. The ability to integrate
quantum emittters in 2D materials with open-access mi-
crocavities offers a promising route towards in-situ tun-
able, modular and ultra-bright single photon sources for a
wide range of applications in quantum information tech-
nology.
ACKNOWLEDGMENTS
L.C.F. acknowledges support from the European Com-
mission (project WASPS, 618078). A.B. acknowledges
support from EPSRC grant EP/L015110/1. B.D.G. ac-
knowledges support from an ERC Starting Grant (no.
307392) and a Royal Society University Research Fellow-
ship.
SUPPLEMENTARY MATERIAL
The supplementary material includes further details
of the sample preparation and emitter properties, the
analytical description of the cavity modes, expressions
for the Purcell effect and the quantum and collec-
tion efficiency and the expression for the second-order
degree of coherence; original data sets available at
https://ora.ox.ac.uk/. The authors declare no compet-
ing financial interest.
[1] W. Zhao, Z. Ghorannevis, L. Chu, M. Toh, C. Kloc, P.-H.
Tan, and G. Eda, “Evolution of Electronic Structure in
Atomically Thin Sheets of WS2 and WSe2,” ACS Nano,
vol. 7, pp. 791–797, Jan. 2013.
[2] F. Xia, H. Wang, D. Xiao, M. Dubey, and A. Ramasubra-
maniam, “Two-dimensional material nanophotonics,” Na-
ture Photonics, vol. 8, pp. 899–907, Dec. 2014.
[3] Y.-M. He, G. Clark, J. R. Schaibley, Y. He, M.-C. Chen,
Y.-J. Wei, X. Ding, Q. Zhang, W. Yao, X. Xu, C.-Y.
Lu, and J.-W. Pan, “Single quantum emitters in mono-
layer semiconductors,” Nature Nanotechnology, vol. 10,
pp. 497–502, June 2015.
[4] M. Koperski, K. Nogajewski, A. Arora, V. Cherkez,
P. Mallet, J.-Y. Veuillen, J. Marcus, P. Kossacki, and
M. Potemski, “Single photon emitters in exfoliated WSe2
structures,” Nature Nanotechnology, vol. 10, pp. 503–506,
June 2015.
10
[5] A. Srivastava, M. Sidler, A. V. Allain, D. S. Lembke,
A. Kis, and A. Imamogˇlu, “Optically active quantum
dots in monolayer WSe2,” Nature Nanotechnology, vol. 10,
pp. 491–496, June 2015.
[6] C. Chakraborty, L. Kinnischtzke, K. M. Goodfellow,
R. Beams, and A. N. Vamivakas, “Voltage-controlled
quantum light from an atomically thin semiconductor,”
Nature Nanotechnology, vol. 10, pp. 507–511, June 2015.
[7] P. Tonndorf, R. Schmidt, R. Schneider, J. Kern,
M. Buscema, G. A. Steele, A. Castellanos-Gomez, H. S. J.
v. d. Zant, S. M. d. Vasconcellos, and R. Bratschitsch,
“Single-photon emission from localized excitons in an
atomically thin semiconductor,” Optica, vol. 2, pp. 347–
352, Apr. 2015.
[8] S. Kumar, A. Kaczmarczyk, and B. D. Gerardot, “Strain-
Induced Spatial and Spectral Isolation of Quantum Emit-
ters in Mono- and Bilayer WSe2,” Nano Letters, vol. 15,
pp. 7567–7573, Nov. 2015.
[9] S. Kumar, M. Broto´ns-Gisbert, R. Al-Khuzheyri,
A. Branny, G. Ballesteros-Garcia, J. F. Sa´nchez-Royo, and
B. D. Gerardot, “Resonant laser spectroscopy of localized
excitons in monolayer WSe2,” Optica, vol. 3, pp. 882–886,
Aug. 2016.
[10] O. Iff, Y.-M. He, N. Lundt, S. Stoll, V. Baumann,
S. Ho¨fling, and C. Schneider, “Substrate engineering for
high-quality emission of free and localized excitons from
atomic monolayers in hybrid architectures,” Optica, vol. 4,
p. 669, June 2017.
[11] J. Kern, I. Niehues, P. Tonndorf, R. Schmidt, D. Wig-
ger, R. Schneider, T. Stiehm, S. Michaelis de Vascon-
cellos, D. E. Reiter, T. Kuhn, and R. Bratschitsch,
“Single-Photon Emitters: Nanoscale Positioning of Single-
Photon Emitters in Atomically Thin WSe2 (Adv. Mater.
33/2016),” Advanced Materials, vol. 28, pp. 7032–7032,
Sept. 2016.
[12] A. Branny, S. Kumar, R. Proux, and B. D. Gerardot,
“Deterministic strain-induced arrays of quantum emitters
in a two-dimensional semiconductor,” Nature Communi-
cations, vol. 8, p. 15053, May 2017.
[13] C. Palacios-Berraquero, D. M. Kara, A. R.-P. Mont-
blanch, M. Barbone, P. Latawiec, D. Yoon, A. K. Ott,
M. Loncar, A. C. Ferrari, and M. Atatu¨re, “Large-scale
quantum-emitter arrays in atomically thin semiconduc-
tors,” Nature Communications, vol. 8, p. 15093, May 2017.
[14] A. Allain, J. Kang, K. Banerjee, and A. Kis, “Electri-
cal contacts to two-dimensional semiconductors,” Nature
Materials, vol. 14, pp. 1195–1205, Dec. 2015.
[15] K. J. Vahala, “Optical microcavities,” Nature, vol. 424,
no. 6950, pp. 839–846, 2003.
[16] E. Purcell, “Proceedings of the American Physical Soci-
ety,” Physical Review, vol. 69, pp. 674–674, June 1946.
[17] M. Toishi, D. Englund, A. Faraon, and J. Vucˇkovic´,
“High-brightness single photon source from a quantum
dot in a directional-emission nanocavity,” Optics Express,
vol. 17, pp. 14618–14626, Aug. 2009.
[18] A. Kuhn and D. Ljunggren, “Cavity-based single-photon
sources,” Contemporary Physics, vol. 51, pp. 289–313,
June 2010.
[19] S. Buckley, K. Rivoire, and J. Vucˇkovic´, “Engineered
quantum dot single-photon sources,” Reports on Progress
in Physics, vol. 75, no. 12, p. 126, 2012.
[20] A. Beveratos, R. Brouri, T. Gacoin, A. Villing, J.-P.
Poizat, and P. Grangier, “Single Photon Quantum Cryp-
tography,” Physical Review Letters, vol. 89, p. 187901,
Oct. 2002.
[21] J. L. O’Brien, A. Furusawa, and J. Vucˇkovic´, “Photonic
quantum technologies,” Nature Photonics, vol. 3, pp. 687–
695, Dec. 2009.
[22] P. R. Dolan, G. M. Hughes, F. Grazioso, B. R. Patton,
and J. M. Smith, “Femtoliter tunable optical cavity ar-
rays,” Optics Letters, vol. 35, pp. 3556–3558, Nov. 2010.
[23] Z. Di, H. V. Jones, P. R. Dolan, S. M. Fairclough, M. B.
Wincott, J. Fill, G. M. Hughes, and J. M. Smith, “Control-
ling the emission from semiconductor quantum dots using
ultra-small tunable optical microcavities,” New Journal of
Physics, vol. 14, p. 103048, Oct. 2012.
11
[24] S. Dufferwiel, F. Li, A. a. P. Trichet, L. Giriunas, P. M.
Walker, I. Farrer, D. A. Ritchie, J. M. Smith, M. S.
Skolnick, and D. N. Krizhanovskii, “Tunable polaritonic
molecules in an open microcavity system,” Applied Physics
Letters, vol. 107, p. 201106, Nov. 2015.
[25] H. Kaupp, T. Hu¨mmer, M. Mader, B. Schlederer,
J. Benedikter, P. Haeusser, H.-C. Chang, H. Fedder, T. W.
Ha¨nsch, and D. Hunger, “Purcell-Enhanced Single-Photon
Emission from Nitrogen-Vacancy Centers Coupled to a
Tunable Microcavity,” Physical Review Applied, vol. 6,
p. 054010, Nov. 2016.
[26] L. Flatten, A. Trichet, and J. Smith, “Spectral engineer-
ing of coupled open-access microcavities,” Laser & Pho-
tonics Reviews, vol. 10, pp. 257–263, Mar. 2016.
[27] A. A. P. Trichet, P. R. Dolan, D. M. Coles, G. M. Hughes,
and J. M. Smith, “Topographic control of open-access
microcavities at the nanometer scale,” Optics Express,
vol. 23, p. 17205, June 2015.
[28] S. Johnson, P. R. Dolan, T. Grange, A. A. P. Trichet,
G. Hornecker, Y. C. Chen, L. Weng, G. M. Hughes,
A. A. R. Watt, A Auffe`ves, and J. M. Smith, “Tunable cav-
ity coupling of the zero phonon line of a nitrogen-vacancy
defect in diamond,” New Journal of Physics, vol. 17,
no. 12, p. 122003, 2015.
[29] A. Castellanos-Gomez, M. Buscema, R. Molenaar,
V. Singh, L. Janssen, H. S. J. v. d. Zant, and G. A. Steele,
“Deterministic transfer of two-dimensional materials by
all-dry viscoelastic stamping,” 2D Materials, vol. 1, no. 1,
p. 011002, 2014.
[30] W. L. Barnes, “Fluorescence near interfaces: The role
of photonic mode density,” Journal of Modern Optics,
vol. 45, pp. 661–699, Apr. 1998.
[31] A. F. Oskooi, D. Roundy, M. Ibanescu, P. Bermel, J. D.
Joannopoulos, and S. G. Johnson, “MEEP: A flexible
free-software package for electromagnetic simulations by
the FDTD method,” Computer Physics Communications,
vol. 181, pp. 687–702, January 2010.
1Supplementary materials: Microcavity enhanced single photon emission from
two-dimensional WSe2
Appendix A: Sample preparation
The plano-concave microcavity consists of two opposing silica substrates, into one of which a concave feature has
been milled with a Focused Ion Beam. The subtrates are coated with a DBR comprising 13 pairs of SiO2/TiO2, the
planar mirror ending with a low refractive index SiO2 layer. The featured mirror does not have the last layer and thus
ends with the high refractive index material TiO2. The planar (patterned) mirror thus has a reflectivity of 99.95%
(99.97%) at the center wavelength of λ = 740 nm, corresponding to a maximum achievable finesse F ≈ 5000. For a
cavity with mirror reflectivities Ri and 1−Ri  1 the total transmission through side i = 1, 2 can be approximated
with T toti =
1−Ri
1−R1R2 (by summing the reflected and transmitted parts and assuming a resonant cavity mode). For the
presented configuration one obtains T tot = 62.5% through the lower reflectivity, planar cavity mirror.
The WSe2 monolayer is created via mechanical exfoliation from bulk WSe2 and transferred onto the planar DBR
with a dry stamping process. Most of the deposited material has several layers of WSe2, only a few monolayer
flakes with extensions over a few micrometers could be obtained in one exfoliation process and were found via optical
microscope inspection.
Appendix B: Cavity modes
Cavity modes can be described with solutions to the paraxially approximated Helmholtz equation with the correct
boundary conditions. In three dimensions, each mode can be classified by a set of three natural numbers q, m and n,
which are called longitudinal (q) and transverse (m and n) mode numbers leading to the shorthand notation TEMqm,n
for such a mode. The analytical solution for the frequency of each mode is:
νqm,n =
c
2L
(
q +
1 +m+ n
pi
arccos(
√
g1g2)
)
(S1)
where gi = 1 − L/Ri for both mirrors and Ri the radius of curvature of the respective mirror. In our system we set
g1 = 1 and g2 = 1 − L/R. The transverse mode spacing, from which we can infer the radius of curvature, is the
wavelength difference of two successive modes with wavelength λ1 and λ2 and ∆m + ∆n = 1. Solving Eq. S1 for R
in this situation we obtain (with λ2 > λ1):
R = L
[
sin
(
2piL(λ2 − λ1)
λ1λ2
)]−2
(S2)
2FIG. S1. Time trace of signal of WSe2 SPE in the RoC 5 µm cavity. The photons are detected by a SPAD and the countrate
is queried at a rate of 10 Hz.
Appendix C: Emitter brightness fluctuations
The emitter brightness fluctuates with higher excitation powers, an effect frequently observed in single quantum dot
systems where it is attributed to electric charge fluctuations in the vicinity of the emitter, caused by the non-resonant
laser excitation. The fluctuation in charges then causes spectral shifts (due to modification of the confining potential
and the Stark effect) and periods of non-radiative recombination (blinking, caused by Auger processes). For the
emitters in WSe2 under study, previous publications reported increased spectral shifting with increased excitation
powers (see for ex. Fig. 2c,d in [S1]). When placed in a cavity with a mode linewidth below the spectral shifting
range, intensity fluctuations are therefore to be expected. Fig. S1 shows a time trace of the emitter signal obtained
by consecutive SPAD measurements. It details that the average countrate over seconds is constant, but the subsecond
variance is of order of 50% of the signal.
Appendix D: Purcell effect
In general, the spontaneous emission rate of an emitter is governed by the transition matrix element from initial to
final state and the density of final states. A change from free space to a confined environment causes a modulation of
the density of optical states (the Purcell effect). In particular the coupling to a single cavity mode causes a change in
spontaneous decay rate by the Purcell factor [S2, S3]:
ftheo =
γcav
γfs
=
τfs
τcav
=
3λ3Qeff
4pi2V
{( δω2
4(ω − ω0)2 + δω2
)( |~p · ~E|
|~p|| ~E|
)2( | ~E(~r)|
| ~Emax|
)2 }
(S1)
= Ftheo
{
υξχ
}
(S2)
3Here τfs and τcav are the lifetimes in free space and within the cavity respectively. The two most important quantities
in the expression are Qeff , the quality factor of the system and V , the volume of the cavity mode. The expressions
in the brackets quantify the spectral detuning υ, the dipole alignment ξ and the position of the emitter relative to
the electric field χ respectively and should be close to unity in the optimised case. Ftheo =
3λ3Qeff
4pi2V thus gives the
magnitude of the Purcell enhancement in this case. Qeff and V are given by
Qeff = λ
δλcav + δλem
& V =
λL2
4
√
R
L
− 1 (S3)
where δλem and δλcav are the linewidths of the emitter and the cavity respectively. λ is the wavelength of the cavity
mode, which on resonance is the same as the wavelength of the emitter. In the expression for V , L is the cavity length
and R is the radius of curvature of the concave mirror. To account for the fact that the cavity is open and a coupling
to free space modes is possible within good approximation, the effective Purcell factor F ′theo = Ftheo + 1 =
3λ3Qeff
4pi2V + 1
is introduced.
Appendix E: Spontaneous emission in the vicinity of dielectric surfaces
The Purcell effect is normally associated with a cavity-emitter systen. However, a similar enhancement or suppres-
sion in spontaneous emission rate can be observed for an emitter close to a dielectric interface originating from the
change in the optical density of states [S4]. For an emitter oriented perpendicular (s) or parallel (p) to the the surface
of a dielectric mirror ending with a low refractive index layer, the emission will be modified as shown in Fig. S2
(dotted lines). The continuous lines show the spontaneous emission rate of the emitter when a perfect metal mirror is
used. All four datasets were obtained with finite-difference time-domain (FDTD) simulations, using a freely available
software package [S5].
Appendix F: Quantum efficiency
The quantum efficiency of an emitter is defined as η = γrγr+γnr , where γr (γnr) is the radiative (non-radiative) decay
rate and the lifetime of the excited state is given by τfs =
1
γfs
= 1γr+γnr . As the Purcell effect only affects the radiative
decay channel, the total decay rate in the presence of a dielectric environment which changes the optical density
of states is given by γ = F ′theoγr + γnr (assuming that the non-radiative rate is unchanged by the presence of the
dielectrics and optimal emitter-mode coupling, ie. υ = ξ = χ = 1). In particular the choice ξ = 1 implies that the
transition dipole of the emitter is aligned parallel to the planar mirror surface of the cavity (γp in Fig. S2). We can
thus write down the decay rates of an emitter positioned at the mirror surface radiating into the half-space above γhs
4FIG. S2. Spontaneous emission rate of a dipole in front of a perfect dielectric mirror with a low refractive index last layer
(DBR lll) and for a perfect metal mirror for different orientations of the dipole. As the distance d between dipole and mirror
is varied the emission rate shows an oscillatory behaviour. For separations exceeding multiple wavelengths of the emission the
free space properties of the emitter are recovered. Simulations were performed with the finite-difference time-domain (FDTD)
method, using a freely available software package [S5].
and an emitter within the cavity γcav:
γhs = Eγr + γnr (S1)
γcav = F
′
theoγr + γnr (S2)
Here E quantifies the enhancement (and suppression) of the radiative decay rate for a dipole positioned parallel to
the surface of the low terminated DBR.
The effective Purcell factor measured in the experiment is given by F ′exp = γcav/γfs = Fexp + 1. Experimentally we
obtain the ratio between the two rates given in Eq. S1 and S2, ie.
f =
γcav
γhs
= F ′exp
γfs
γhs
=
(F ′theo − 1)η + 1
(E − 1)η + 1 (S3)
where we have used the definition of the quantum efficiency η. We call f the measured enhancement. F ′exp is thus
given as F ′exp = f(E − 1)η + f . For the quantum efficiency η we obtain:
η =
Fexp
Ftheo
=
f − 1
f − 1 + F ′theo − Ef
(S4)
5Appendix G: Collection efficiency
The collection efficiency is given by ηfs = 2
ΩNA
4pi = 1 −
√
1− (NA/n)2, where ΩNA is the solid angle subtended by
the lens, n is the refractive index of the medium between mirror and lens and the factor 2 arises from the reflection
off the mirror. The divergence of the cavity modes in this study is below θdiv = 0.4, which suggests that all the light
is collected from the cavity mode irradiating through the planar mirror side. Since the reflectivity of both DBRs is
the same, we obtain a collection efficiency of ηcav = 50% for emission out of the cavity.
Appendix H: Second-order degree of coherence
We employ a Hanbury Brown and Twiss setup to obtain a histogram of the times between detection events of two
SPADs (Perkin Elmer SPCM-AQRH). The detectors are connected to the two ends of a fiber splitter which receives
photons from the cavity setup through the collection optics of the confocal microscope. Depending on the width ∆t of
the timing bins chosen to build up the histogram such measurements can take a long time: The coincidence countrate
ΓCCR per bin is given as
ΓCCR = ΓCR1ΓCR2∆t (S1)
Here ΓCR1, ΓCR2 are the average countrates on detector 1 and 2. The experimental data can be normalised to obtain
the second-order degree of coherence g(2)(τ) by dividing the counts in each bin by N = ΓCCRT , where T is the total
acquisition time. For the data presented in this work an equation derived with a three level model is used to fit the
experimental data for continuous wave excitation:
g(2)(τ) = 1 + p
(
be−|τ |/τ2 − (1 + b)e−|τ |/τ1
)
(S2)
Here p is the probability that the photon was emitted by the single emitter (p > 0.5 implies g(2)(0) < 0.5), b describes
the bunching around the central dip typical to a three-level system at large pumping powers and τ1, τ2 are the
associated time scales of the radiative decay and the bunching processes [S6, S7].
For the data presented in Fig. 3a of the main text the experimental parameters were ΓCR1 = 12.92
kcts
s , ΓCR2 =
12.78kctss , ∆t = 0.244 ns and T = 50 min. The fit parameters were obtained as b = (0.15 ± 0.01), p = (0.70 ± 0.09),
τ1 = (1.35± 0.23) ns and τ2 = (75± 22) ns and a fit range of 200 ns around τ = 0 ns was used.
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